A study of the ozonolysis of isoprene in a cryogenic buffer gas cell by
  high resolution microwave spectroscopy by Porterfield, Jessica P. et al.
1 INTRODUCTION
A study of the ozonolysis of iso-
prene in a cryogenic buffer gas cell
by high resolution microwave spec-
troscopy
Jessica P. Porterfield,a∗ Sandra Eibenberger,a‡ Dave
Patterson,b and Michael C. McCarthya
We have developed a method to quantify reaction product
ratios using high resolution microwave spectroscopy in a
cryogenic buffer gas cell. We demonstrate the power of
this method with the study of the ozonolysis of isoprene,
CH2−C(CH3)−CH−CH2, the most abundant, non-methane
hydrocarbon emitted into the atmosphere by vegetation. Isoprene
is an asymmetric diene, and reacts with O3 at the 1,2 position
to produce methyl vinyl ketone (MVK), formaldehyde, and a
pair of carbonyl oxides: [CH3CO−CH−CH2 + CH2−OO] +
[CH2−O+CH3COO−CH−CH2]. Alternatively, O3 could attack at
the 3,4 position to produce methacrolein (MACR), formaldehyde,
and two carbonyl oxides [CH2−C(CH3)−CHO + CH2−OO] +
[CH2−O + CH2−C(CH3)−CHOO]. Purified O3 and isoprene
were mixed for approximately 10 seconds under dilute (1.5-4%
in argon) continuous flow conditions in an alumina tube held at
298 K and 5 Torr. Products exiting the tube were rapidly slowed
and cooled within the buffer gas cell by collisions with cryogenic
(4-7 K) He. High resolution chirped pulse microwave detection
between 12 and 26 GHz was used to achieve highly sensitive
(ppb scale), isomer-specific product quantification. We observed
a ratio of MACR to MVK of 2.1 ± 0.4 under 1:1 ozone to isoprene
conditions and 2.1 ± 0.2 under 2:1 ozone to isoprene condi-
tions, a finding which is consistent with previous experimental
results. Additionally, we discuss relative quantities of formic acid
(HCOOH), an isomer of CH2−OO, and formaldehyde (CH2−O)
under varying experimental conditions, and characterize the
spectroscopic parameters of the singly-substituted 13C trans-
isoprene and 13C anti-periplanar-methacrolein species. This work
has the potential to be extended towards a complete branching
ratio analysis, as well towards the ability to isolate, identify, and
quantify new reactive intermediates in the ozonolysis of alkenes.
1 Introduction
Isoprene is the most abundant non-methane hydrocarbon emitted
into the atmosphere. Approximately 500 - 750 Tg of isoprene are
emitted by vegetation each year, with roughly 10% removed glob-
ally by reaction with ozone1,2. The ozonolysis of isoprene converts
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a relatively inert, non-polar species into stable, polar products as
well as three highly unstable Criegee intermediates, see Scheme 1.
These intermediates tend to rapidly fragment, thus making them
an important night time source of OH radicals, a key oxidant in the
atmosphere. Additionally it is believed that the stable products,
methacrolein (MACR), methyl vinyl ketone (MVK), formaldehyde,
and formic acid, aggregate and lead to secondary organic aerosol
formation3–5. Secondary aerosols give rise to clouds and chemical
smog, and ultimately have an affect on climate and the quality of
the air that we breathe6.
In this article we describe a new method for product ratio anal-
ysis, and use this method to quantify the stable products of iso-
prene ozonolysis with great simplification relative to past experi-
ments. Previous reports of the [MACR]/[MVK] ratio at 298 K span
a large range (2.3 - 2.9), ostensibly because they entail long re-
action times (hours) to obtain detectable quantities of products,
and consequently require cumbersome calculations using variable
kinetic data to compensate for secondary chemistry2,7–11. Here
we quantify products in the nascent steps of the ozonolysis of iso-
prene within the first 10 seconds of the reaction. This dramatic
reduction in time scale has been made possible by development
of an instrument which possesses unique capabilities: high sensi-
tivity (ppb scale), high resolution (50 kHz bandwidth), rapid data
acquisition (50 kHz), continuous flow, and long observation times
(15-20 ms). Microwave diagnostics are being used in a new and
powerful way, as demonstrated here as well as in product quantifi-
cation of photolysis events12, and as such shows promise of being
a versatile analytical tool.
Products of the ozonolysis reaction were collisionally cooled for
chirp-pulsed Fourier-transform microwave (CP-FTMW) detection
between 12 and 26 GHz, a region where many rotational lines
of stable oxidation products can be observed and relative abun-
dances quantified. As a part of this work, lines of rare isotopic
species are routinely observed for abundantly produced species,
yielding line lists and spectroscopic constants when possible (e.g.
singly substituted 13C trans-isoprene and 13C anti-periplanar (ap)-
MACR). Finally, we discuss the prospects that the present work can
be extended to derive a full branching ratio analysis with simple
13C isotopic substitution, as well as to detect reactive species such
as the Criegee intermediates that have been proposed.
It is widely accepted that the primary pathway in the ozonol-
ysis of unsaturated alkenes is the Criegee mechanism2,13–18, see
Scheme 1. This initially proceeds via formation of a primary
ozonide (POZ) by addition of O3 to a C=C double bond, gen-
erating either POZ1 (4-(2-propenyl)-1,2,3-trioxolane) or POZ2
(4-methyl-4-vinyl-1,2,3-trioxolane). Since formation of the pri-
mary ozonides is a highly exothermic process19 (∆Hrxn approx-
imately -200 kJ/mol), formation is proceeded by rapid decom-
position to both a stable oxidized product and a highly re-
active carbonyl oxide called a Criegee intermediate20. There
are two proposed Criegee intermediates in this reaction besides
the simplest carbonyl oxide (CH2−OO) which have never been
observed: MVK-oxide (CH3C(OO)−CH−CH2) and MACR-oxide
(CH2−C(CH3)−CHOO). Because the exothermicity of the reac-
tion is so great, these intermediates are energized, and they can
rapidly rearrange and fragment to produce OH radicals among
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2 EXPERIMENTAL
other species. As a consequence, their direct detection has proven
to be very challenging.
Scheme 1 The mechanism for ozonolysis of trans-isoprene. All three
of the initial stable products: methyl vinyl ketone (CH3COCH−CH2),
methacrolein (CHOC(CH3)−CH2), and formaldehyde (CH2−O), have
been characterized in this work.
Scheme 2 Conformers of species involved in the ozonolysis of isoprene,
each of which has a unique rotational spectrum. The more stable con-
formers are listed on the left.
If O3 addition occurs at the unsubstituted double bond of iso-
prene, the resulting POZ1 could cleave in two different ways. The
first path would lead to the formation of ap-MACR and the sim-
plest Criegee intermediate, carbonyl oxide (CH2−OO). Carbonyl
oxide can be written as a zwitterion,21,22, and although MACR-
oxide and MVK-oxide are yet to be observed, they are also expected
to be zwitterions14,23. The alternative pathway for POZ1 involves
elimination of formaldehyde, which leaves MACR oxide. If instead
ozone adds to the substituted double bond, it yields POZ2. Elimina-
tion of ap-MVK results in the formation of carbonyl oxide. Alterna-
tively loss of formaldehyde leads to the third Criegee intermediate
accessible by this mechanism, MVK oxide. It should be noted that
trans-isoprene as opposed to gauche-isoprene is considered here as
a result of the room temperature distribution, which heavily favors
the trans conformer (roughly 98%, see below). The preponderance
of the trans conformer under our experimental conditions leads
to rotamer specific oxidation products, ap-MVK and ap-MACR. If
one were to consider the ozonolysis of gauche-isoprene, we would
expect the opposite rotamers (syn-periplanar, sp) to result based
upon the mechanism presented in Scheme 1, i.e. see Scheme 2.
Scheme 3 Isomerization of the simplest Criegee intermediate, carbonyl
oxide, to formic acid.
The fate of the carbonyl oxides is complex. Once the simplest
carbonyl oxide (CH2−OO) is formed, it can either be collision-
ally stabilized, or it can undergo unimolecular rearrangement18,24.
Rearrangement could involve a hydrogen transfer to hydroperox-
ymethylene (:CHOOH), followed by fragmentation to OH hydroxyl
radical and HCO (ultimately H atoms and CO). It could instead
rearrange via the hot ester mechanism, see Scheme 3. This in-
volves ring closure to dioxirane (cyclic CH2OO), ring opening to
dioxymethylene (OCH2O), and H atom transfer to form formic
acid HCOOH. Some fraction of the energized formic acid will ulti-
mately dissociate17,24–26. An important consideration of CH2−OO
formation in the ozonolysis of isoprene is that the carbonyl prod-
ucts (MVK and MACR) produced in tandem are relatively large
molecules, and are hence capable of carrying a significant fraction
of the excess internal energy captured by the primary ozonides. In
principle, this could lead to a larger fraction of stabilized CH2−OO
than what is observed in the well studied ethylene ozonolysis re-
action, which in turn could result in more formic acid. The C4
carbonyl oxides have similar pathways available to carbonyl ox-
ide. They may undergo unimolecular rearrangement and release
OH radicals with continued fragmentation14–16,23, or they could
be collisionally stabilized. There were very few unidentified lines
in our microwave spectra in the 12-26 GHz range, however, so
likely concentrations of these species were quite low, and / or they
fragmented to lighter species that fall outside the frequency range
of the spectrometer (e.g. OH, CO).
2 Experimental
The buffer gas cell used here is similar to the one that has been de-
scribed by Patterson and Doyle27. The active region of the buffer
gas cell is a 19 cm x 19 cm x 19 cm vessel anchored to a 2 stage
He cryostat, which cools the cell down to approximately 4-7 K (see
Figure 1). This cell is surrounded by a second chamber held at
77 K by the first stage of the cryostat, with silicon diode tempera-
ture monitors in four locations throughout the cell (Lakeshore DT-
670A1-SD). The helium buffer gas is pre-cooled and introduced
into the cell at a flow rate of 7 sccm, creating an approximate
density of 2 ×1014 He/cm3. Reagents are introduced behind the
entrance to an alumina flow tube and allowed to mix for roughly
10 seconds before injection into the cryogenic buffer gas bath (cell
aperture 19.05 mm). As molecules enter the cell, they are slowed
and cooled by collisions with He, which slightly warms the cell.
Molecules are considered fully thermalized after roughly 20-100
collisions27, with molecule - He collisions occurring roughly once
every 10 µs (i.e. thermalization within less than 1 ms). Observa-
tion times are 15-20 ms, limited by diffusion of the molecules to
the cell walls. Microwaves are injected into the active region of the
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cell at a repetition rate of 50,000 Hz. A cryogenic switch is used
to protect the receiver and cryogenic low noise amplifiers during
microwave input.
Dilute isoprene and ozone are introduced independently to the
alumina flow tube (1/8" outer diameter, a 0.058" inner diameter,
9" length) using mass flow controllers and minimal 1/8" PFA tub-
ing. The tube was heated with a nichrome wire wrap monitored
by type K thermocouple to avoid build up of ice within the tube,
and was maintained at 298 K for the branching ratios analysis.
The pressure (consistently about 5 Torr) was measured behind the
entrance to the reactor by a Granville-Phillips 275 gauge. The
spectra presented below were collected in 60 MHz steps in trip-
licate to remove unwanted sideband interference from the mixing
of the local oscillator and chirp, and utilized a 4.5 µs and 100
MHz chirp. Collecting a complete, continuous 12-26 GHz spectrum
required approximately 5 hours, with 250,000-417,000 averages
per 60 MHz step. To improve signal to noise for branching ratio
analysis, longer integrations were performed on individual peaks
(1,000,000-1,250,000 averages) using a more powerful, only 25
MHz wide chirp (still within the weak pulse limit). Branching ratio
calculations as well as estimations for cryogenic buffer gas density,
collision frequency, and residence time in the alumina tube are dis-
cussed in the Supplemental Information. Line strengths necessary
for branching ratio estimates were computed using PGOPHER28.
Best fits for rotational parameters based upon experimentally ob-
served lines for 13C-trans-isoprene and 13C-ap-MACR were calcu-
lated using the program Pickett29.
3 Results and Discussion
Figure 2 shows the full 12-26 GHz CP-FTMW spectrum that re-
sults when a 2:1 ozone to isoprene ratio in argon (2% reagent to-
tal) is introduced behind the entrance to the heated alumina flow
tube. Authentic spectra of isoprene, formaldehyde, MACR, and
MVK are displayed along the negative Y axis for reference. The
most intense peak arises from formaldehyde, CH2−O at 14488.48
MHz30, along with O3 at 11072.45 MHz
31 and a number of iso-
prene peaks32. The experimental conditions are chosen such that
Fig. 1 Depiction of the cryogenic buffer gas cell coupled to the output of
a nichrome heated alumina flow tube.
primary chemistry is dominant, as opposed to secondary chemistry
such as oxidation of MVK or MACR.
Figure 3 displays how the extent of the reaction is controlled
by simply varying the relative ratios of the two reactants; the
left hand panel displays a 1:1 ozone to isoprene, and the right
hand panel 2:1. The two spectra are scaled such that the isoprene
peaks displayed at 13535.58 MHz (523→ 514) and 14207.15 MHz
(413 → 404) are roughly equivalent in intensity. Figure 4 provides
an expanded view of the features of Figure 2 in the 22 - 23.5 GHz
region. Aside from isoprene itself, there is clear evidence for the
oxidation products MACR and MVK in the 2:1 spectrum. Presum-
ably, the presence of formic acid at 22471.18 MHz is a consequence
of rearrangement of the Criegee intermediate CH2−OO produced
in tandem with both MVK and MACR, see Scheme 3.
The abundances of stable oxidation products in the ozonolysis
of isoprene have been measured at two different concentrations of
O3 and isoprene. The ratios of MACR to MVK are summarized in
Table 1 and compared to previous experimental results. Although
there was evidence for both ap- and sp-MVK, we found no evidence
of sp-MACR or cis-formic acid (see Scheme 2). Formaldehyde and
formic acid each had only one line in the 12-26 GHz region, as
opposed to MVK and MACR, where many lines (6-12) could be
compared. Thus, the quantities of formic acid and formaldehyde
are discussed in relative terms under different experimental condi-
tions.
Table 1 The derived ratios of methacrolein to methyl vinyl ketone in the
ozonolysis of isoprene compared to previous experimental values. For the
ratios presented here, ap and sp MVK abundances were added for a total
MVK and therefore MACR to MVK ratio. The reaction took place at 298 K
and 5 Torr with 10 s residence time in the alumina flow tube prior to cooling
and observation. Overall reagent concentrations of ozone to isoprene are
1:1 (4% in Ar), and 2:1 (2% in Ar).
Ratio of MACR to MVK
2.1 ± 0.4 1:1 O3:Iso this work
2.1 ± 0.2 2:1 O3:Iso this work
2.29 Kamens 198211
2.57 ± 0.02 Grosjean 19938
2.43 ± 0.03 Aschmann 19947
2.44 ± 0.04 Rickard 19999
2.34 ± 0.03 Nguyen 20162
2.9 ± 0.2 Ren 201710
Utilizing the single strong line at 14488.48 MHz, we derived a
formaldehyde/(MVK+MACR) abundance of 92% and 88% under
1:1 ozone to isoprene conditions and 2:1 ozone to isoprene condi-
tions, respectively. These values are in relatively good agreement
with previous reports7,8 of 80 - 90% . Because MVK and MACR
are produced in tandem with CH2−OO, which has the potential
to isomerize to formic acid (see Schemes 1 and 3), we can ana-
lyze the formic acid/(MVK + MACR) as a formic acid/(CH2−OO)
ratio. By performing a similar analysis to formaldehyde using the
single formic acid line at 22471.18 MHz, we derive an abundance
of formic acid/(MVK+MACR) of 82% and 70% under 1:1 and 2:1
conditions, respectively.
At room temperature, 98% of isoprene participating in ozonol-
ysis is expected to be in the trans form, which would lead to ap-
3
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Fig. 2 The 12-26 GHz CP-FTMW spectrum of the ozonolysis of isoprene. The reactant ratio is 2:1 O3 to isoprene, and the total reagent concentration
is 2% in argon.
Fig. 3 Isoprene and formaldehyde (14.48 GHz) as the ratio of ozone to iso-
prene changed from 1:1 to 2:1. Spectra are scaled such that the isoprene
peaks are identical in intensity. The large enhancement of the formalde-
hyde line indicates further extent of reaction under 2:1 conditions.
Fig. 4 Evidence for methacrolein (MACR), methyl vinyl ketone (MVK), and
formic acid in the ozonolysis of isoprene.
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MVK, see Scheme 2. However, as the molecules collide with the
walls of the reactor and argon carrier gas on their way to the cold
cell, they appear to redistribute back towards their room tempera-
ture populations.
Using the W1BD thermochemical method33, we calculated the
298 K enthalpies and free energies of trans- and gauche-isoprene,
sp- and ap-MVK, and sp- and ap-MACR . By the W1BD method,
we obtained ∆rxnG298 = 1.42 kJ/mol and ∆rxnH298 = 1.84 kJ/mol
for [ap-MVK −−⇀↽− sp-MVK], corresponding to an anticipated sp-
MVK abundance of 36% at room temperature (∆G = ∆H - T∆S =
-RT ln(Keq); Keq = [sp-MVK]/[ap-MVK]). This is a reasonable esti-
mate given the only previously reported experimental value to our
knowledge of ∆rxnH298 = 2.34± 0.2 kJ/mol34, which would corre-
spond to roughly 31% sp-MVK abundance. There was no evidence
for sp-MACR, which is consistent with the W1BD result that (ap
−−⇀↽− sp) ∆rxnH298= 13.7 kJ/mol and ∆rxnG298 = 13.0 kJ/mol, re-
sulting in a room temperature population of about 0.5% sp-MACR.
At the W1BD level of theory, the gauche form of isoprene is the
higher energy isomer of the two (∆rxnH298 = 11.3 kJ/mol; ∆rxnG298
= 10.5 kcal/mol). We estimate that gauche-isoprene exists at 1.6%
abundance at room temperature, and hence should be present in
trace quantities. Previously unreported 13C lines and spectroscopic
parameters for ap-MACR and trans-isoprene are summarized in the
Supplemental Information, and additional work is underway to
characterize gauche-isoprene from these buffer gas experiments.
Figures 2-4 provide a visual example of the level of sensitivity
and control that can be achieved when the reactor is coupled to a
cryogenic buffer gas cell. Although the extent of reaction was not
large, reliable quantitative data for relative abundances were ex-
tracted from very short reaction times and at low concentrations.
In order to determine extent of reaction, gauche-isoprene must be
characterized spectroscopically, a task which has proven challeng-
ing and which will be the topic of a future report. The ability
to exert control over temperature, pressure, concentration, and
therefore extent of reaction under these conditions suggests this
approach might be useful for kinetic analysis. Our present analysis
is limited for purely technical reasons- the finite bandwidth of the
microwave instrument. Since formic acid and formaldehyde each
only have one rotational line in the region of the spectrometer, it
is difficult to reliably assess the experimental error of their relative
abundances.
Though a number of studies have analyzed product distribution
in the ozonolysis of isoprene, the extent to which ozone favors
addition at either site in isoprene remains a topic of debate due
to the presence of formaldehyde in multiple channels2,7–11. The
detection methods of choice for previous studies have been vari-
ous forms of gas chromatography2,7,9,10 and Fourier-transform in-
frared spectroscopy2,10, with laser induced fluorescence2 and high
performance liquid chromatography8 being used less frequently.
Lengthy residence times on the order of hours inside Teflon reac-
tion chambers were required to build up detectable quantities of
products. Due to this constraint, extensive kinetic analysis was
needed to compensate for additional chemistry such as O3+ MVK
or MACR. Previous experimental results present values between
2.29 - 2.9 for the ratio of MACR to MVK, a range that brackets our
results of 2.1 ± 0.4 and 2.1 ± 0.2 within the margins of error (see
Table 1).
Given the formation of radicals in this reaction and their rapid
reaction rates, the influence of side reactions on the reported abun-
dances must be considered. The most prominent collision partners
aside from argon present in the reactor were isoprene and ozone.
The respective reaction rates of ozone with isoprene, MVK, and
MACR according to Atkinson (12.3, 4.41, and 1.08 x 10−18 cm3
molecule−1s−1, respectively) are six orders of magnitude slower
than the reaction rate of CH2−OO with ozone (1 x 10−12 cm3
molecule−1s−1)35,36. It is possible that there is a minor contri-
bution of formaldehyde from the rapid CH2−OO + O3 → CH2−O
+ 2O2, given the slight increase in observed formaldehyde un-
der more concentrated conditions (92% at 4% reagent, 88 at 2%
reagent). However, we cannot say this definitively as O2 cannot be
observed by microwave spectroscopy as an indicative side prod-
uct. We must also consider the influence of OH radical chem-
istry on the ratios reported, as it has been well documented that
alkene ozonolysis is one of the most important non-photochemical
sources of tropospheric OH radical15,16. Isoprene and OH radical
react very rapidly (k roughly 1 x 10−10 molecule−1s−1), generat-
ing large fractions of MVK (0.27), MACR (0.19), and formaldehyde
(0.50), with a small branching ratio to 3-methylfuran (0.038)37.
This reaction would then yield a ratio of MACR to MVK of 0.7,
and would therefore skew the derived ratio of [MACR]/[MVK] to
a lower value.
The highest ratio of MACR to MVK was observed recently by Ren
and coworkers who studied the ozonolysis of isoprene in a large,
outdoor simulation chamber10. In the presence of an OH radical
scavenger cyclohexane, they observed a yield of 42 ± 6% MACR
and 18 ± 6% MVK, or a ratio of 2.9 ± 0.2 MACR to MVK. Ren
et. al. reported a rate constant of MVK with ozone comparable to
Atkinson, however they reported a rate constant of MACR with
ozone (7.1 ± 0.6 x 10−19 cm3 molecule−1 s−1) which is signifi-
cantly lower than Atkinson. If correct, this would result in under-
estimation of MACR consumed in secondary chemistry, and in turn
would lead to the resulting higher ratio reported. We searched
for anticipated ozonolysis products of MVK and MACR and saw no
evidence for these species (namely methylglyoxal and hydroxyl-
methyl hydroperoxide)38. As such, this relatively slow (k about 1
x 10−18 cm3 molecule−1s−1) secondary chemistry does not appear
to play a significant role in affecting the MACR to MVK ratio under
our experimental conditions.
It was difficult to find comparable data for production of formic
acid from the ozonolysis of isoprene, as previous studies that do
mention formic acid discuss its production as a function of humid-
ity for atmospheric implications24,39,40. We are confident that the
formic acid observed in this experiment was a result of CH2−OO
isomerization and not the bimolecular reaction of CH2−OO+H2O.
In reactions with water, hydroxymethyl hydroperoxide (HMHP,
HOCH2OOH) is the most abundant product, followed by formic
acid and hydrogen peroxide. We found no evidence in our spec-
tra2 for either HMHP or H2O2. The dipole moment
41 along the
principle axis of formic acid is 1.391 ± 0.005 D, and that of HMHP
is predicted by Nakajima et. al. to be 1.89 D, indicating that our
instrument has adequate sensitivity to detect the presence of ei-
ther species42. Although we do not have multiple experimental
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lines to report for our formic acid ratios, it appears that a signif-
icant fraction of CH2−OO isomerizes to HCOOH under the given
conditions (70-80%). Large products MVK and MACR are in prin-
ciple capable of removing large quantities of excess energy from
the reaction that would otherwise be imparted to CH2−OO. This
stabilization could lead to a much larger quantity of formic acid
production than anticipated in the ozonolysis of smaller, terminal
alkenes.
We believe that the major contribution of experimental error
(roughly 20%) is due to instrument response variations across
the 12-26 GHz microwave circuit. Lines were tested for internal
consistency prior to use in ratios analysis, meaning multiple lines
for one species (when possible) first had to pass a 1 to 1 ratios
test, within ± 20%. There is detailed information on this analysis
method in the Supplemental Information. This could potentially be
addressed with a few different approaches. First, there are three
apparent regions in the 12-26 GHz spectrum with distinct noise
levels. One in principle could record a blank spectrum without
molecule signal to normalize the noise level, however this would
be necessary under each new set of experimental conditions (i.e.
number of averages, chirp conditions etc. must be identical). Sec-
ond, one could also check the power transmission by putting in
a known amount of power, but this must be kept very low in or-
der to protect the receiver circuit low noise amplifiers. Third, one
could normalize utilizing a well characterized molecule with many
transitions throughout the instruments bandwidth, however this
has clear limitations. Lastly, it is likely that there is minor error
contribution from temperature drift throughout the time of data
acquisition (about 0.1 K per hour). This could be addressed with
individual temperature measurements for each intensity measured
for analysis.
With the identification of all stable initial oxidative products in
the ozonolysis of isoprene in the 12-26 GHz region, we now intend
to extend this work towards observation of the Criegee intermedi-
ates predicted in Scheme 1. The given setup would need modifi-
cation for radical observation, as evidenced by lack of unidentified
lines between 12-26 GHz (therefore no unidentified Criegee rad-
icals). This may be achieved by decreasing the diameter of the
alumina tube to increase the reaction pressure; this in turn would
allow for more collisional stabilization of the Criegee intermedi-
ates prior to entering the buffer gas cell. It is also likely that total
reagent concentrations slightly higher than 4% in argon could be
used, enhancing overall signal to noise of trace species. A straight-
forward modification could also involve a pick-off source, in which
a small portion of the reaction is fed from the flow tube into the
buffer gas cell with the remainder being pumped away, allowing
for much higher overall flow rates and pressures. Observation of
Criegee intermediates could also be achieved with the approach
of Womack et. al. in which a modified pulsed valve was used to
observe CH2−OO in the reaction of ozone and ethylene18. In that
experiment, reagents were introduced via separate capillaries fed
directly behind the exit of the pulsed valve, with the exhaust at
atmospheric pressure and high flow rates for constant reagent re-
plenishment. Alternatively, CH2−OO has been observed via dis-
charge experiments in cavity microwave experiments, and it would
be straight forward to couple the discharge to the buffer gas cell
in the hunt for new species43. An additional, straightforward ex-
tension of this work would be to do a complete branching ratios
analysis, which to our knowledge has never been achieved experi-
mentally. However in the ozonolysis of isoprene, formaldehyde is
produced indistinguishably by two pathways. With simple 13C iso-
topic substitution at the 1 or 4 position in isoprene, these pathways
could be distinguished by comparison of CH2−O and 13CH2−O us-
ing the methods described here.
4 Conclusion
We have developed a new technique to determine reaction prod-
uct ratios utilizing high resolution microwave spectroscopy; this
lays the foundation for straightforward, complete branching ra-
tios analysis with simple isotopic substitution. We report previ-
ously uncharacterized rotational constants for 13C-ap-MACR and
13C-trans-isoprene, and have derived ratios of MACR to MVK of
2.1 ± 0.4 under 1:1 ozone to isoprene (4% in argon) and 2.1 ±
0.2 under 2:1 ozone to isoprene (2% in argon), in fair agreement
with the literature. In this experiment the speed of reagent mix-
ing time (about 10 s), low concentrations utilized (< 4%), high
resolution, and the high sensitivity that can be achieved with cryo-
genic electronics (ppb scale) have combined to give comparable
results reported from previous experimental studies by far simpler
analytical means. For these reasons we believe this instrument is
well suited for studying complicated mixtures and a wide variety
of chemical reactions.
Conflicts of interest
There are no conflicts to declare.
Acknowledgements
This work was supported by NSF grant CHE-1566266, as well as
the award for abstract 1555781 IDBR type A. S. E. acknowledges
funding through the Schrödinger Fellowship of the Austrian Sci-
ence Fund (FWF): J3796-N36. We also thank Kirill Prozument and
John F. Stanton for insight on product ratio calculations, and John
W. Daily for helpful discussions on cell density and residence time
estimations.
6
NOTES AND REFERENCES NOTES AND REFERENCES
Notes and references
1 C. Guenther, Atmospheric Chemistry and Physics, 2006, 6, year.
2 T. B. Nguyen, G. S. Tyndall, J. D. Crounse, A. P. Teng, K. H.
Bates, R. H. Schwantes, M. M. Coggon, L. Zhang, P. Feiner,
D. O. Milller et al., Physical Chemistry Chemical Physics, 2016,
18, 10241–10254.
3 B. Ervens, A. G. Carlton, B. J. Turpin, K. E. Altieri, S. M. Krei-
denweis and G. Feingold, Geophysical Research Letters, 2008,
35, year.
4 R. Atkinson and J. Arey, Atmospheric Environment, 2003, 37,
197–219.
5 C. Warneke, R. Holzinger, A. Hansel, A. Jordan, W. Lindinger,
U. Pöschl, J. Williams, P. Hoor, H. Fischer and P. Crutzen, Jour-
nal of Atmospheric Chemistry, 2001, 38, 167–185.
6 A. Lee, A. H. Goldstein, J. H. Kroll, N. L. Ng, V. Varutbangkul,
R. C. Flagan and J. H. Seinfeld, Journal of Geophysical Research:
Atmospheres, 2006, 111, year.
7 S. M. Aschmann and R. Atkinson, Environmental science & tech-
nology, 1994, 28, 1539–1542.
8 D. Grosjean, E. L. Williams and E. Grosjean, Environmental sci-
ence & technology, 1993, 27, 830–840.
9 A. R. Rickard, D. Johnson, C. D. McGill and G. Marston, The
Journal of Physical Chemistry A, 1999, 103, 7656–7664.
10 Y. Ren, B. Grosselin, V. Daële and A. Mellouki, Faraday Discus-
sions, 2017.
11 R. M. Kamens, M. W. Gery, H. E. Jeffries, M. Jackson and E. I.
Cole, International Journal of Chemical Kinetics, 1982, 14, 955–
975.
12 D. P. Zaleski, L. B. Harding, S. J. Klippenstein, B. Ruscic and
K. Prozument, The journal of physical chemistry letters, 2017,
8, 6180–6188.
13 D. Johnson and G. Marston, Chemical Society Reviews, 2008,
37, 699–716.
14 K. T. Kuwata, L. C. Valin and A. D. Converse, The Journal of
Physical Chemistry A, 2005, 109, 10710–10725.
15 R. Gutbrod, E. Kraka, R. N. Schindler and D. Cremer, Journal
of the American Chemical Society, 1997, 119, 7330–7342.
16 D. Zhang and R. Zhang, Journal of the American Chemical Soci-
ety, 2002, 124, 2692–2703.
17 W. R. Wadt and W. A. Goddard III, J. Am. Chem. Soc, 1975, 97,
3004–3021.
18 C. C. Womack, M.-A. Martin-Drumel, G. G. Brown, R. W. Field
and M. C. McCarthy, Science advances, 2015, 1, e1400105.
19 L. B. Harding and W. A. Goddard III, Journal of the American
Chemical Society, 1978, 100, 7180–7188.
20 R. Criegee, Angewandte Chemie International Edition, 1975, 14,
745–752.
21 Y.-T. Su, Y.-H. Huang, H. A. Witek and Y.-P. Lee, Science, 2013,
340, 174–176.
22 M. Nakajima and Y. Endo, Communication: Determination
of the molecular structure of the simplest Criegee intermediate
CH2OO, 2013.
23 K. T. Kuwata and L. C. Valin, Chemical Physics Letters, 2008,
451, 186–191.
24 P. Neeb, F. Sauer, O. Horie and G. K. Moortgat, Atmospheric
Environment, 1997, 31, 1417–1423.
25 J. D. Goddard, Y. Yamaguchi and H. F. Schaefer III, The Journal
of chemical physics, 1992, 96, 1158–1166.
26 R. Suenram and F. Lovas, Journal of the American Chemical
Society, 1978, 100, 5117–5122.
27 D. Patterson and J. M. Doyle, Molecular Physics, 2012, 110,
1757–1766.
28 C. M. Western, Journal of Quantitative Spectroscopy and Radia-
tive Transfer, 2017, 186, 221–242.
29 H. Pickett, R. Poynter, E. Cohen, M. Delitsky, J. Pearson and
H. Müller, Journal of Quantitative Spectroscopy and Radiative
Transfer, 1998, 60, 883–890.
30 R. Bocquet, J. Demaison, L. Poteau, M. Liedtke, S. Belov, K. Ya-
mada, G. Winnewisser, C. Gerke, J. Gripp and T. Köhler, Jour-
nal of Molecular Spectroscopy, 1996, 177, 154–159.
31 E. K. Gora, Journal of Molecular Spectroscopy, 1959, 3, 78–99.
32 D. R. Lide Jr and M. Jen, The Journal of Chemical Physics, 1964,
40, 252–253.
33 E. C. Barnes, G. A. Petersson, J. A. Montgomery Jr, M. J. Frisch
and J. M. Martin, Journal of chemical theory and computation,
2009, 5, 2687–2693.
34 A. Bowles, W. George and W. Maddams, Journal of the Chemi-
cal Society B: Physical Organic, 1969, 810–818.
35 R. Atkinson, J. Phys. Chem. Ref. Data Monograph, 1994, 2, 1–
216.
36 L. Vereecken, H. Harder and A. Novelli, Physical Chemistry
Chemical Physics, 2014, 16, 4039–4049.
37 W. S. McGivern, I. Suh, A. D. Clinkenbeard, R. Zhang and S. W.
North, The Journal of Physical Chemistry A, 2000, 104, 6609–
6616.
38 Z. Chen, H. Wang, L. Zhu, C. Wang, C. Jie and W. Hua, Atmo-
spheric Chemistry and Physics, 2008, 8, 2255–2265.
7
NOTES AND REFERENCES NOTES AND REFERENCES
39 O. Horie, P. Neeb, S. Limbach and G. K. Moortgat, Geophysical
research letters, 1994, 21, 1523–1526.
40 F. Paulot, J. Crounse, H. Kjaergaard, J. Kroll, J. Seinfeld and
P. Wennberg, Atmospheric Chemistry and Physics, 2009, 9,
1479–1501.
41 H. Kim, R. Keller and W. D. Gwinn, The Journal of Chemical
Physics, 1962, 37, 2748–2750.
42 M. Nakajima and Y. Endo, The Journal of chemical physics,
2015, 143, 164307.
43 M. C. McCarthy, L. Cheng, K. N. Crabtree, O. Martinez Jr, T. L.
Nguyen, C. C. Womack and J. F. Stanton, The Journal of Physi-
cal Chemistry Letters, 2013, 4, 4133–4139.
8
